background: Human embryos generated by IVF demonstrate a high incidence of chromosomal segregation errors during the cleavage divisions. To analyse underlying molecular mechanisms, we investigated the behaviour of the chromosomal passenger complex (CPC) in human oocytes and embryos. This important mitotic regulatory complex comprises the inner centromere protein (INCENP), survivin, borealin and Aurora B, or the meiotic kinase Aurora C.
Introduction
The introduction of fluorescence in situ hybridization (FISH) for PGD has enabled screening of human embryos for chromosomal aneuploidies before transfer in IVF. This has led to an increasing body of evidence demonstrating that, in IVF-derived embryos, an estimate of 80% of all preimplantation embryos have chromosomally abnormal cells (Voullaire et al., 2000; Wells and Delhanty, 2000) . The majority of the aneuploidies observed at this stage have originated during the first mitotic divisions of early preimplantation development, resulting in chromosomally mosaic embryos (Marquez et al., 2000; Bielanska et al., 2002; Coonen et al., 2004; Daphnis et al., 2005; Baart et al., 2006; Santos et al., 2010) . A study using an array-based method allowing genome-wide screening of the copy number in single embryonic cells from cleavage-stage embryos found the high frequency of chromosomal instability to be similar to human cancers (Vanneste et al., 2009) . Furthermore, considerable percentages of chromosomal mosaicism have also been reported for bovine, equine, porcine and non-human primate embryos (Viuff et al., 2000; Rambags et al., 2005; Zijlstra et al., 2008; Dupont et al., 2010) , for embryos produced both in vitro and in vivo [bovine: (Viuff et al., 2000) ; porcine (Zijlstra et al., 2008) ]. This indicates that chromosome segregation in preimplantation embryos is more error prone than in other dividing cells. The molecular mechanisms that control chromosome segregation in cleavage-stage embryos are not well described (Jones et al., 2008a) , raising the question of whether these differ from somatic mitotic cells.
Correct segregation of chromatids to the two daughter cells during mitosis is crucial for maintaining genomic integrity, and cells have a complex cell cycle machinery in place to regulate this process, including a checkpoint mechanism called the spindle assembly checkpoint (SAC; Vagnarelli and Earnshaw, 2004 ). An important protein complex contributing to proper SAC functioning is the chromosomal passenger complex (CPC), named after its dynamic localization during mitosis. At the onset of mitosis, the CPC moves from the arms of the condensing chromosomes to the inner centromere. During the metaphase to anaphase transition, the CPC disassociates from the centromeres to localize to the microtubules of the central spindle in anaphase and telophase and to the midbody during cytokinesis. Parallel to its location, the CPC is involved in chromosome condensation, spindle assembly, the correction of erroneous microtubule -kinetochore interactions, signalling to the SAC and the completion of cytokinesis (reviewed by Vagnarelli and Earnshaw, 2004) . The complex consists of four subunits: the inner centromere protein (INCENP), survivin, borealin and the active enzymatic unit Aurora B kinase (Vader et al., 2006b) . The role of the non-enzymatic CPC members is localization of the kinase at the correct place and time (reviewed in Vader et al., 2006b; Ruchaud et al., 2007) . Aurora B binds to the so-called IN-box region of INCENP and, in turn, INCENP regulates the localization of Aurora B by interacting with borealin and survivin Vader et al., 2006a; Jeyaprakash et al., 2007) .
Aurora B belongs to a family of serine/threonine protein kinases, which in mammals also comprises the two other family members Aurora A and C. Although the three proteins share a high sequence similarity, each Aurora kinase has a specific localization pattern and function during cell division (Carmena et al., 2009) . Aurora A is involved in centrosome maturation, bipolar spindle assembly and cell cycle progression in somatic cells (Sugimoto et al., 2002; Brittle and Ohkura, 2005; Barr and Gergely, 2007) and oocytes (Yao et al., 2004) . Aurora C is the most recently described and least characterized family member that arose during mammalian evolution through gene duplication of Aurora B (Brown et al., 2004) . Expression of Aurora C was first described in the testis (Bernard et al., 1998) , where it is involved in chromatin condensation and proper attachment of homologous chromosomes during the first meiotic division (Tang et al., 2006) . Aurora C knockout mice are viable and males have normal testis weights, but litter sizes are reduced, with some males being sterile. Observed sperm abnormalities include heterogeneous chromatin condensation, loose acrosomes and blunted heads. However, as multiple copies of the Aurora C gene (AURKC) are present in the mouse genome, a knockout approach is not reliable (Hu et al., 2000) . In contrast, male mice expressing a kinase-dead form of Aurora B as a transgene present with decreased testis weights, as well as severely impaired spermatogenesis and reduced litter size (Kimmins et al., 2007) . The relative importance of Aurora B versus C for male mouse meiosis remains uncertain, awaiting proper Aurora B and C knockout mouse models. Naturally occurring human mutations in AURKC, causing a severe truncation of the protein, have been described and are associated with male infertility (Dieterich et al., 2007) . This results from defective meiosis leading to the production of polyploid, multi-flagellar spermatozoa with abnormal acrosomes (Dieterich et al., 2009) . Two females carrying the same homozygous mutation were reported to be fertile, indicating that Aurora C may be dispensable for completion of meiosis in the human female, but not in the male (Dieterich et al., 2009) . However, transcript profiling of human oocytes points to a prominent role for Aurora C (Assou et al., 2006) . Moreover, a recent study in mouse demonstrated that microinjection of mRNA coding for a kinase-dead form of Aurora C disrupts meiosis I in in vitro matured oocytes, suggesting an essential role for Aurora C (Yang et al., 2010) . This result is in contrast to previous findings on Aurora B function during mouse female meiosis (Shuda et al., 2009; Vogt et al., 2009) , indicating the importance of Aurora B for female meiosis.
On the basis of gonad-specific expression and the homozygous mutation phenotype in man, Aurora C has been coined the germ cellspecific homologue (Shuda et al., 2009) . However, Aurora C is also expressed in various tumour lines (Sasai et al., 2004) and its expression can be detected at a low level in other somatic tissues , including the pineal gland where it is implicated in circadian clock function (Price et al., 2009) . Moreover, Aurora C was shown to fully support mitotic progression when replacing Aurora B in somatic cells (Slattery et al., 2009) . Aurora C interacts with the other CPC proteins (Li et al., 2004; Yan et al., 2005; Slattery et al., 2008) and shares some substrates with Aurora B (Slattery et al., 2008) . Therefore, in addition to a meiotic role, Aurora C may also have a tissue-specific role in mitotic cells (Slattery et al., 2009) .
To obtain a better understanding of regulation of chromosome segregation in human primary oocytes, the early fertilization stage (female meiosis II), zygotes and preimplantation embryos, we have investigated the expression of CPC subunits, including both Aurora B and C, in a unique series of human oocytes and embryos. The high level of expression of AURKC in human and mouse oocytes (Assou et al., 2006; Yang et al., 2010) and the prominent role of Aurora C in human male meiosis led us to hypothesize that Aurora C could act as the preferred enzymatic subunit of the CPC at the reductional divisions in oocytes. Moreover, as in the human the first cleavage divisions are maternally directed (Tesarik et al., 1986; Braude et al., 1988) , Aurora C might well continue to play a role in the control of mitosis before activation of the embryonic genome.
We studied mRNA and in situ protein expression of all CPC members in human oocytes and at all stages of human preimplantation embryo development. We observed that Aurora C can be detected at both the mRNA and protein level in oocytes and cleavage-stage embryos. Yet, after the 8-cell stage and up to the morula stage, there was up-regulation of both AURKB and AURKC mRNA and pericentromeric localization of both kinases on prometaphase chromosomes. In blastocysts Aurora C transcripts and protein were undetectable, and only Aurora B was found at the inner centromere of prometaphase chromosomes. Our results point to a specific role for Aurora C as the enzymatic subunit in the CPC during human female meiosis and preimplantation embryo development, until complete replacement by Aurora B at the blastocyst stage.
Materials and Methods

Collection of human oocytes and spermatocytes
Ovarian stimulation, oocyte retrieval and IVF procedures were performed as described previously (Hohmann et al., 2003; Heijnen et al., 2007) . At the day of oocyte retrieval (Day 0), immature oocytes [metaphase I (MI)] were donated by couples undergoing ICSI treatment at the IVF laboratory of the University Medical Center Utrecht. Some mature oocytes [metaphase II (MII) stage] were donated in a case where on the day of oocyte retrieval no sperm cells could be obtained. MI oocytes were either processed immediately or allowed to mature in a 5% CO 2 atmosphere at 378C in G-IVF Plus medium (Vitrolife) overnight (18 h) and fixed at the MII stage.
Testis material was obtained after testicular spermatozoa extraction from a man (age 47 years) of proven fertility with previous vasectomy and subsequent vaso-vasostomy that did not succeed. Remnant cellular material was used. A Johnson score of 9.5 (range: 9 -10) was determined at the pathology department of the Radboud University Nijmegen Medical Center. The patient signed an informed consent for participation in a project approved by the Dutch Central Committee on Research Involving Humans Subjects (CCMO-NL12408.000.06).
Collection of human embryos
Under Dutch law, embryos are not allowed to be created for research. Therefore, human embryos are only available for research after embryo selection for transfer or cryopreservation. Exceptions to this rule are embryos resulting from abnormal fertilization, i.e. oocytes fertilized by two spermatozoa simultaneously or where the second polar body failed to extrude. Evaluation of the number of pronuclei 18-20 h after insemination allows identification of such embryos, characterized by the presence of three pronuclei: this is observed in 4% of all inseminated oocytes. To avoid potential triploid pregnancies, these embryos normally are discarded (Ulmer et al., 1985) . We used triploid (3PN) embryos as a model for embryo development during the first cleavage divisions. Surplus goodquality cryopreserved preimplantation embryos were used to study embryo developmental stages from Day 3 to Day 5 (Fig. 1) . Tripronuclear zygotes and surplus embryos were donated with written informed consent by couples undergoing routine IVF at the Erasmus MC University Medical Centre in the period between March and July 2010 and November 2000 and December 2007, respectively. The use of both types of surplus embryos was approved by the Dutch Central Committee on Research Involving Human Subjects (CCMO-NL28739.000.09) and the local institutional ethics committee.
Embryo culture and assessment of embryo morphology were performed as described previously (Hohmann et al., 2003) . Cryopreservation was performed in straws using a slow freezing standard protocol of 1.5 M dimethyl sulfoxide (DMSO) in culture medium containing 10% GPO (human plasma solution, CLB), as described previously (Santos et al., 2010) . Women donating cryopreserved embryos were aged 29 -41 years. A total of 90 embryos were thawed and 44 survived after consecutive washes in decreasing DMSO concentrations. Day 3 (8 cell) embryos were processed within 2 h after thawing. Early Day 4 embryos (12-16-cell embryos) were randomized for either immediate processing, or culture until late Day 4 (fully compacted morulas) or Day 5 (blastocysts). After randomization embryo morphology was evaluated. Only those of good morphological quality and showing the stage-appropriate characteristics were used to avoid a selection bias in embryo quality.
Single oocyte and embryo RT-qPCR
Quantification of mRNA levels was performed in individual single oocytes and preimplantation embryos at nine developmental stages ( Fig. 1 ): oocytes at MI (n ¼ 2) and MII (n ¼ 5), abnormally fertilized oocytes with three pronuclei (3PN, n ¼ 13), 2-cell embryos (3PN 2 cell; n ¼ 10) and 4-cell embryos (3PN 4 cell; n ¼ 4), both resulting from tripronuclear zygotes, and 8-cell embryos (n ¼ 12), 12-16-cell embryos (n ¼ 6), morulas (MOR; n ¼ 5) and blastocysts (BLAS; n ¼ 10), all good-quality embryos cryopreserved at Days 3 and 4 (Fig. 1) . For quantitative RT-PCR (RT-qPCR) of single oocyte/embryos, the Taqman w PreAmp Cells-to-Ct Kit (Applied Biosystems) was used according to the manufacturer's protocol with minor adjustments. The zona pellucida was removed from the oocytes and embryos by incubation in 0.1% protease (Sigma) in G-MOPS Plus medium (Vitrolife) for 3 min, prior to washing in G-MOPS Plus medium and 1× phosphate-buffered saline (PBS). Lysis was performed for 5 min in 20 ml of Taqman w PreAmp Cells-to-Ct lysis solution and terminated by addition of 2 ml of stop solution. After 2 min of incubation the lysate was stored at 2208C until further processing within 1 week. RNA was reverse transcribed to cDNA within an hour at 378C by adding 25 ml of 2× RT Buffer and 2.5 ml of 20X RT Enzyme Mix to each lysate, prior to inactivating the enzyme for 5 min at 958C. For sequence-specific preamplification of cDNA, Taqman Gene Expression Assays (Assays-on-demand, Applied Biosystems) were pooled and diluted 1:100 with 1× TE buffer (10 mM Tris -HCl, 5 mM EDTA; pH Figure 1 Schematic representation of the stages of oocyte and embryo development used in this study. MI and MIIs oocytes were fixed on the day of retrieval (Day 0), or MI oocytes were left to mature to MII overnight. After fertilization, tripronuclear (3PN) zygotes were fixed at prometaphase of the first embryonic mitotic division or allowed to develop until the 2-cell or 4-cell stage. Good-quality diploid (2PN) 8-cell embryos or morulas that had been cryopreserved on Day 3 or day 4, respectively, were thawed and immediately fixed or left in culture until reaching the 12 -16-cell, morula or blastocyst stage. 7.5) to a final concentration of 180 nM of each primer. The following assays were used: HPRT1 (Assay ID: Hs99999909_m1; amplicon size 100 bp), AURKB (Hs00177782_m1; 130 bp), AURKC (Hs00152930_m1; 91 bp), Borealin (CDCA8; Hs00216479_m1; 127 bp), Survivin (BIRC5; Hs00153353_m1; 93 bp), INCENP (Hs00220336_m1; 62 bp), BRG1 (SMARCA4; Hs00231324_m1; 106 bp) and zona pellucida protein 3 (ZP3) (Hs00610623_m1; 74 bp). Assays were selected to recognize all validated (RefSeq) splice variants of each gene of interest, except for assays for INCENP (recognizing only NM_020238.2) and BIRC5 (recognizing NM_001012271.1 and NM_001168.2). To 12.5 ml of cDNA, 25 ml of Taqman w PreAmp Master Mix and 12.5 ml of 0.2× pooled Taqman w Gene Expression Assays were added. After 10 cycles of preamplification (10 min at 958C, followed by 10× 15 s at 958C and 4 min at 608C), the preamplified cDNA (50 ml) was diluted with 100 ml of 0.5× TE buffer. QPCR was performed on an ABI Prism 7000 Sequence Detecting System (Applied Biosystems) using 10 ml of 2X Taqman w Gene Expression Master Mix, 1 ml of Taqman w Gene Expression Assay and 5 ml of nuclease-free water added to 4 ml of diluted preamplified cDNA. The two-step cycling parameters were as follows: one cycle of 2 min at 508C, followed by one cycle of 10 min at 958C to activate the polymerase and 40 cycles of 15 s at 958C and 1 min at 608C.
Results were analysed using Sequence Detection Software version 1.2.3 (Applied Biosystems) and expressed as cycle threshold (Ct) values. The presence of a single PCR-product of expected amplicon size was verified by 2% agarose gel electrophoresis. In order to be able to use a relative quantification approach to compare expression levels of AURKB and AURKC, we ensured that these commercial assays have similar amplification efficiencies, within the limits set by the supplier (E ¼ 100 + 10%). Additionally, linearity during the preamplification reaction was tested on a series of 1:2 diluted cDNA from oocytes and blastocysts. The averaged expression level at the MII oocyte stage was used as a reference to calculate the relative levels in all other stages, according to the 2 2DCT method (Livak and Schmittgen, 2001) . Differences in AURKB and AURKC expression across developmental stages were analysed using the Mann -Whitney test in the Statistical Package for the Social Sciences version 17.0. A P-value of 0.05 was considered statistically significant. To compare expression levels of AURKB directly with expression levels of AURKC, the relative expression for AURKB was calculated using AURKC as a reference.
Antibodies
The following antibodies were used in this study: rabbit polyclonal antibodies against AURKC (ab38299, 1:100; Abcam), H3S10p ( 
Overexpression of Aurora A, B and C kinase in U2OS cells
Human osteosarcoma cells (U2OS) were grown at 378C with 5% CO 2 in Dulbecco's modified Eagle's medium containing 6% fetal calf serum, glutamine, penicillin and streptomycin. Transfections were performed using a standard calcium phosphate protocol. U2OS cells were co-transfected with 1 mg of empty GFP vector, GFP-AURKA, GFP-AURKB or GFP-AURKC together with an empty pcDNA3 vector (9 mg). Cells were first synchronized at the G1/S transition by incubation for 24 h with 2.5 mM thymidine and later arrested in mitosis by incubation for 18 h with nocodazole (250 or 25 ng/ml; for harvesting or fixation of cells, respectively). Cells were harvested or fixed and used for cell lysis or immunofluorescence. Cell lysis and western blotting was performed as described previously (Smits et al., 2000) and immunoprobed with antiAurora B and -C antibodies (1:250 and 1:500). For immunofluorescence, U2OS cells were grown on slides and fixed with paraformaldehyde (PFA) buffer (4% w/v PFA in PBS). The slides were washed in PBS and dehydrated with ice-cold methanol. Subsequently, cells were blocked with 3% (w/v) bovine serum albumin (BSA) in PBS-T (PBS, 0.01% v/v Tween-20) for 30 min at room temperature, and incubated with anti-Aurora C and CREST antibodies overnight at 48C. Slides were washed three times in PBS-T and then incubated with secondary antibodies for 1 -2 h. After rinsing in PBS-T, slides were mounted with vectashield containing 4 ′ ,6-Diamidino-2-phenylindole (DAPI) for counterstaining (Vector Laboratories).
Fixation and immunofluorescence of spermatocytes
Nuclear spreads were made as described previously (Peters et al., 1997) , with minor modifications (Baart et al., 2000) . Briefly, a suspension of spermatogenic cells was made by pulverizing the testis tubuli with two ribbed forceps. After hypotonic treatment, cells were resuspended in 100 mM sucrose, pH 8.2 to obtain a cell concentration of 15 × 10 6 cells/ ml. From this suspension 10 ml was applied to a slide dipped in 1% (w/v) PFA solution, containing 0.15% (v/v) Triton X-100. After horizontal drying for 1.5 h in a humid chamber, slides were washed twice with 0.08% Kodak Photo-Flo and air-dried. Slides were stored at 2808C until use. Surface spread preparations were processed for immunofluorescence as described (Baart et al., 2000) . Meiotic prophase I stages were approximated by DAPI staining of annex nuclear morphology as based on previous experience with the synaptonemal complex marker SYCP3 (de Vries et al., unpublished results). Early and late pachytene substages were distinguished by the more prominent DAPI-intense sex body present in late pachytene. Metaphase nuclei were recognized by separate bivalent chromosome domains and the absence of a DAPI-intense sex body. At least 50 early first meiotic division nuclei (leptotene, zygotene) and 100 pachytene nuclei were studied, as well as five first metaphase nuclei. Images were captured with a Zeiss AxioCam MR digital camera with Axiovision 3.1 software, using a Zeiss Axioplan fluorescence microscope (all Carl Zeiss).
Fixation and immunofluorescence of oocytes and embryos
MI and MII oocytes were incubated with nocodazole (500 ng/ml, Sigma) for 30 min before fixation. Tripronuclear zygotes were incubated with colcemid (1.5 mg/ml) to arrest cells at prometaphase until pronuclei had disappeared. Good-quality Day 4 and 5 embryos were treated with nocodazole (500 ng/ml) for 4 h before fixation.
Oocytes and embryos were incubated in 0.1% Protease in G-IVF Plus medium (1 -2 min) for removal of the zona pellucida and washed in G-IVF Plus medium. Fixation was performed as previously described, with minor modifications (Puschendorf et al., 2008) . In short, cells were fixed in PFA buffer for 15 min at room temperature. After fixation, oocytes/embryos were rinsed in PBS-T and incubated with 0.2% (w/v) Triton X-100 in PBS for 15 min at room temperature for permeabilization. Oocytes and embryos were washed in PBS-TB (PBS-T, 2% w/v BSA), blocked with PBS-TB/5% normal goat serum for 4 h and incubated with primary antibodies at 48C overnight. After washing with PBS-TB, oocytes and embryos were incubated with the appropriate secondary antibodies conjugated with Alexa Fluor 488, 555, 594 or 647 (Invitrogen), washed with PBS-TB and mounted on coverslips with vectashield mounting solution containing DAPI for DNA counterstaining (Vector Laboratories). To obtain chromosome spreads, arrested zygotes and Day 4 embryos were (after zona removal) submitted to the same hypotonic treatment as spermatogenic cells. After brief transfer to 100 mM sucrose, cells were placed on a slide dipped in a 1% (w/v) PFA solution, containing 0.15% (w/v) Triton X-100. Slides were dried and processed as described for spermatogenic cell surface spreads.
Images were obtained using a Delta Vision microscope and deconvolution software (Applied Precision) or with an AxioCam MR digital camera with Axiovision 3.1 software, using an inverted Axio Observer fluorescence microscope equipped with an ApoTome (all Carl Zeiss) for optical sectioning.
Results
Aurora C kinase is detected in human male and female meiotic cells A commercially available polyclonal antibody against Aurora C, raised against a synthetic peptide corresponding to amino acids within residues 1 -50 of human Aurora C was used. To confirm that this antibody does not cross-react with the other Aurora kinases, specificity was tested by immunofluorescence on U2OS cells overexpressing GFP -AURKA, GFP -AURKB and GFP -AURKC (Supplementary data, Fig. S1a ). The antibody did not detect Aurora A or B, but co-localized with the GFP-signal for Aurora C. We further tested the specificity of anti-Aurora C antibody using immunoblots of lysates of GFP -AURKA, -B and -C-transfected U2OS cells. The antibody did not recognize GFP-AURKA or GFP -AURKB, but detected GFP-AURKC (Supplemental data, Fig. S1b) .
Since Aurora C is reported to be highly transcribed in mouse spermatocytes (Bernard et al., 1998; Hu et al., 2000) , the staining pattern and intensity of Aurora C were first studied in human primary spermatocyte nucleus spread preparations. From leptotene to early pachytene a faint, evenly distributed, dotted Aurora C kinase signal was observed (not shown). In later pachytene nuclei the Aurora C signal localized to chromosome regions adjacent to the centromeres (CREST antigen), probably reflecting the centromeric heterochromatin regions (Fig. 2a) . In early meiotic metaphase nuclei the Aurora C signal was more dispersed over the chromosomes and not solely localized to the centromeric heterochromatin regions as in late pachytene (Fig. 2b) . However, more intense spots surrounded the centromeric signal (Fig. 2b, see insert) .
We next investigated the localization of Aurora C during human female meiosis in MI and MII oocytes. MI oocytes were available 4-6 h after oocyte retrieval if they had failed to progress to the MII stage by the time the ICSI procedure was completed. As a consequence, synchronization was not optimal and oocytes could be at any stage between early prometaphase and metaphase of meiosis I. MI oocytes (n ¼ 13) were treated with nocodazole for 30 min and fixed immediately. We detected Aurora C along the chromosome arms in some oocytes, but in other MI oocytes, Aurora C signal was observed to localize near the centromere (Fig. 2c) . This is consistent with Aurora C staining recently described in mouse oocytes for prometaphase I and MI, respectively (Yang et al., 2010) . In all MII oocytes (n ¼ 19), Aurora C staining was observed to localize to the chromosome regions adjacent to the centromeres (Fig. 2d) and only weakly along the chromosome arms.
Aurora B staining was also investigated together with Aurora C in MI and MII oocytes. In all MI oocytes investigated (n ¼ 10), Aurora B staining was either not detected or observed very weakly at chromosome regions adjacent to the centromeres (Fig. 2c) . In three MII oocytes, Aurora B staining showed a more intense signal than Aurora C (data not shown), but in most MII oocytes (n ¼ 12), Aurora B staining was less intense than Aurora C (Fig. 2d) , with some oocytes showing no staining for Aurora B. This suggests that during female meiosis, both Aurora B and Aurora C are involved. However, in meiosis I Aurora B is hardly detected, while in meiosis II both kinases are found.
mRNA expression and protein localization of INCENP, survivin and borealin in human oocytes and embryos
To investigate if the CPC proteins INCENP, borealin and survivin are expressed and functional in human oocytes and embryos, we first examined mRNA expression of these subunits in multiple individual oocytes and embryos at seven different preimplantation developmental stages (Fig. 1) . Normalization of gene expression is especially challenging in preimplantation embryos. Owing to the absence of active transcription in the early embryo followed by activation of embryonic transcription later on, finding a reference gene with stable expression throughout all stages of development is problematic (Kuijk et al., 2007; Mamo et al., 2008) . In rabbit embryos, where embryonic genome expression is activated at the same developmental stage as human embryos, HPRT1 was shown to be a suitable reference gene for preimplantation development, when in vivo and in vitro produced embryos are compared (Mamo et al., 2008) . We found HPRT1 to be highly regulated during embryo development (Supplementary data, Fig.  S2a ), similar to the pattern described for rabbit embryos (Mamo et al., 2008) . Therefore, resulting gene expression levels were normalized using average expression levels of the gene in the MII oocyte as a reference. As this method of normalization is not informative for the abundance of transcripts, average Ct values are presented for each gene investigated per developmental stage (Supplementary data, Table SI ).
The expression levels of ZP3 and SWI/SNF-related, matrixassociated, actin-dependent regulator of chromatin, subfamily a, member 4 (SMARCA4) were determined to further check the sensitivity of our single oocyte/embryo RT -qPCR approach. ZP3 expression is expected to be maternal only (Rajkovic and Matzuk, 2002 ). Our results demonstrate high expression in oocytes and a steady decrease in transcript levels until barely detectable at the blastocyst stage (Supplementary data, Fig. S2b ). SMARCA4 has been described to be present as a maternal transcript (Bultman et al., 2006) and subsequently to be one of the first genes transcribed after zygotic gene activation in mouse embryos (Hamatani et al., 2004) . In our series, expression of this gene was shown to decline from the oocyte to the 8-cell stage and then increases from the 8-cell stage onwards (Supplementary data, Fig. S2c ). This confirms that transcripts detected up to the 8-cell stage are probably maternal, with activation of the embryonic genome occurring from the 8-cell stage (Braude et al., 1988) .
Normalized expression levels of INCENP, survivin (BIRC5) and borealin (CDCA8) were compared between the nine different stages of oocyte and preimplantation embryo development (Fig. 3a -c) . Transcript abundance for INCENP was low in oocytes and embryos up to the 8-cell stage, after which an increase occurred, starting at the 12 -16-cell stage, with significant up-regulation at the blastocyst stage (Fig. 3a) . Survivin and borealin both showed a high transcript level at the MI oocyte stage, decreasing gradually until the 8-cell stage and increasing towards the morula and blastocyst stage ( Fig. 3b and c) .
To investigate expression of these CPC subunits at the protein level, human oocytes and tripronuclear zygotes treated with nocodazole or colcemid were immunostained for INCENP, borealin and survivin. In both oocytes (data not shown) and zygotes (Fig. 3d -f) , each CPC protein was detected at the inner centromere in prometaphase, and in a zygote escaping the nocodazole block INCENP was also detected at the spindle midzone (Fig. 3d ′ ). These observations are consistent with findings in somatic mitotic cells. As INCENP forms the binding factor between the enzymatic subunit and survivin and borealin , double staining for Aurora C and INCENP was performed. These two proteins co-localized on the inner centromere of prometaphase chromosomes in zygotes (Fig. 3g) . To investigate CPC function in these human zygotes, immunostaining with a H3S10p antibody was performed. This phosphorylation site is known to be targeted by active Aurora B, as well as Aurora C (Li et al., 2004; Sasai et al., 2004; Yan et al., 2005) . Histone H3S10 was phosphorylated along the chromosome arms, as previously described for somatic mitotic cells. These results suggest that a functional CPC is assembled in human oocytes and zygotes. Expression of AURKB and AURKC in human oocytes and preimplantation embryos Aurora C has been described to fully compensate for loss of Aurora B as the enzymatic subunit of the CPC (Slattery et al., 2009) . In oocytes, we detected both kinases in prometaphase of meiosis II (Fig. 2) . We therefore investigated the presence of Aurora B and Aurora C in human preimplantation embryos. First, mRNA levels for these kinases at nine different stages of oocyte and preimplantation embryo development were examined. AURKB mRNA levels were similar in MI and MII oocytes and then steadily decreased until the 8-cell stage, but increased significantly from the morula stage onwards (Fig. 4a) . AURKC mRNA levels were highest in MI oocytes and significantly decreased until the 4-cell stage. A gradual increase was observed starting from the 8-cell stage, with the morula stage reaching levels similar to the zygote. Subsequently, expression sharply decreased, until barely detectable at the blastocyst stage (Fig. 4b) . To better visualize differences in AURKB and AURKC expression patterns, the ratio between AURKB and AURKC was used. Both assays were verified to yield linear pre-amplification, as well as similar amplification efficiencies, enabling a direct comparison of transcript abundance in single oocytes and embryos. Plotting the levels of AURKB mRNA relative to levels of AURKC mRNA (Fig. 4c) shows comparable levels of transcripts for AURKC and AURKB up to Day 4 of embryo development, with an exception at the 4-cell stage, where AURKC transcripts are more severely depleted. After the 8-cell stage, AURKB mRNA increases rapidly, and together with the severe reduction of AURKC mRNA by the blastocyst stage, results in a 16-fold higher level of AURKB than AURKC mRNA on Day 5. We next investigated the presence and localization of Aurora B and Aurora C in human preimplantation embryos. We performed triple immunolabelling for Aurora B, Aurora C and centromeric proteins in tripronuclear zygotes (n ¼ 17), 2-cell (n ¼ 4) and 4-cell (n ¼ 4) embryos of tripronuclear origin, as well as in good-quality 8-cell (n ¼ 7), 12 -16-cell embryos (n ¼ 10) and blastocysts (n ¼ 4). Aurora C was localized near the centromeres of prometaphase chromosomes from the zygote to the 12-16-cell stage (Fig. 4d-f) . In contrast, Aurora B was barely detectable up to the 8-cell stage. From the 8-cell stage onwards, staining intensity increased, with both Aurora B and C detected at prometaphase (Fig. 5b) and one example where only Aurora B was detected. In 12-16-cell embryos, the ratio between Aurora B and C signal intensity was variable (Fig. 4d-h) . In most embryos, both kinases were found to co-localize at the centromeric regions (Fig. 4f) , but in one example only Aurora C was detected (data not shown). Other embryos revealed very little or no detectable Aurora C staining but abundant Aurora B around the centromere and in small dispersed amounts along the chromosome arms (Fig. 4g) . In 23 prometaphases from four blastocysts, only Aurora B was found and was abundantly present (Fig. 4h) .
To investigate in more detail if Aurora B and Aurora C proteins co-localize at prometaphase, chromosome spreads from tripronuclear zygotes, as well as diploid 8-cell and 12 -16-cell stage embryos treated with colcemid or nocodazole were prepared, allowing higher resolution images (Fig. 5a-c) . On prometaphase chromosomes from zygotes, Aurora C staining was observed on the chromosome region surrounding the centromere and along the chromosome arms (Fig. 5a ). Aurora B staining was only weakly detected and more localized to the centromeric region. In 8-cell and 12-16-cell embryos, staining intensity of Aurora B and C was observed to be more similar, as was the localization of the signal (Fig. 5b and c) .
Although expression of AURKB mRNA was detected from the zygote to the 4-cell stage, Aurora B protein was weakly or not observed on prometaphase chromosomes. Immunofluorescence analysis from the 8-cell stage onwards confirms our observations at the mRNA level, with the presence of both Aurora B and C from the 8-cell to the morula stage. After cavitation there is a progressive switch to Aurora B, and at the blastocyst stage Aurora B appears to be the only kinase involved in the CPC.
Discussion
In this study, we analysed localization of the different members of the CPC in human oocytes and preimplantation embryos, with a focus on the kinase subunits Aurora B and Aurora C. In contrast to INCENP, survivin and borealin that were detected in all stages investigated, Aurora B and C showed dynamic expression patterns at both the in situ protein and transcript level. We hypothesized a role for Aurora C during mitosis in the early stages of embryo development. Here we show that Aurora C is indeed the more prominent Aurora kinase present in cleavage-stage embryos, based on fluorescent staining intensity at prometaphase in zygotes, 2-cell and 4-cell embryos (Figs 4d, e and 5a). Aurora B was either not detected or expressed at significantly lower levels than found from the 8-cell stage onwards (Fig. 4d -h ). Although we did detect Aurora B transcripts, we did not observe significant amounts of protein on prometaphase chromosomes in zygotes, 2-cell and 4-cell stage embryos. Similarly, in mouse oocytes, although AURKB mRNA was present, western blot analysis failed to detect Aurora B, indicating regulation of expression at the translational level (Yang et al., 2010) .
Since Aurora C overexpression can completely restore cell cycle progression in Aurora B-deficient HeLa cells (Slattery et al., 2009 ), Aurora C may be able to replace Aurora B and perform the same essential functions in cleavage-stage embryos. Nevertheless, although Aurora B and Aurora C show high sequence similarities, structural differences exist (Brown et al., 2004) . The N-and C-terminal domains of Aurora C exhibit unique sequences and Aurora C lacks the so-called KEN-box and A-box sequences which target Aurora B for degradation via the anaphase-promoting complex/cyclosome (APC/C) after mitosis (Nguyen et al., 2005) . This implies that Aurora C is less susceptible to degradation, and thus more stable throughout the cell cycle. In line with this, Aurora C protein levels were observed to peak after Aurora B during the later part of the M-phase (Sasai et al., 2004) . Thus, as the first embryonic cell cycles lack active transcription, there might be a need for an Aurora kinase that is independent of degradation at the end of M-phase, but with otherwise overlapping functions. However, our data also suggest a possible complementary role of Aurora B and C during the first embryonic cell divisions. Aurora C was observed to cover a larger area on zygotic prometaphase chromosomes, whereas Aurora B was more restricted to the centromeric regions. Although we cannot exclude the possibility that Aurora B is present on the chromosome arms at amounts that fall below detection levels, similar observations regarding differences in Aurora B and C localization have been made in mouse MI oocytes (Shuda et al., 2009; Sharif et al., 2010) . This suggests that Aurora C may have a role during the first embryonic cell cycle that does not overlap with Aurora B. The observed association of Aurora C with pericentric heterochromatin in spermatocytes leads us to hypothesize that this function could be related to pericentric heterochromatin organization, an hypothesis that awaits further investigation.
We expected that the expression pattern of AURKC would be similar to ZP3, with maternal transcripts gradually disappearing during embryo development, to be replaced by AURKB after activation of the embryonic genome. However, we observed a brief up-regulation of AURKC mRNA after embryonic gene activation, reaching similar levels to AURKB. The presence of both kinases was also detected at the protein level but with a variation in staining intensity between Day 3 and 4 ( Fig. 4f and g ). Our data indicate that a switch in the Aurora B to Aurora C ratio is gradually made on Day 4 of embryo development, and that Aurora B is the chromosomal passenger of choice only after cavitation.
Owing to ethical limitations, we used embryos developed from tripronuclear zygotes as a model for embryo development up to the 4-cell stage. In human embryos, the first cleavage divisions are maternally directed until activation of the embryonic genome (Braude et al., 1988) and it is therefore unlikely that the extra set of chromosomes present has an impact on expression and localization of CPC proteins in those early stages. Further in support of our findings on the presence of Aurora C during preimplantation embryo development, a recent study on mouse embryos carrying a targeted disruption of the AURKB gene showed that these embryos were able to develop up to the blastocyst stage (Marcos Malumbres, personal communication) . This is in contrast to mouse embryos that lack other components of the CPC, which are unable to progress beyond the cleavage stages (Cutts et al., 1999; Uren et al., 2000; Yamanaka et al., 2008) . The laboratory of Marcos Malumbres (personal communication) demonstrated that Aurora C was responsible for compensating loss of Aurora B function.
Although findings in most embryos investigated by us are consistent with an increase in the Aurora B/Aurora C signal ratio from Day 3 to Day 4, we observed one prometaphase cell in a Day 3 embryo showing clear Aurora B staining around the centromeres with no Aurora C, and the opposite in a Day 4 (12 -16-cell) embryo (data not shown). These variations are also visible at the mRNA level (Fig. 4c) and may be related to a variation in timing and extent of activation of the embryonic genome: in human embryos, this is reported to start between the 4-and 8-cell stages of development (Braude et al., 1988) , with a major burst of transcription occurring at the 8-cell stage (Tesarik et al., 1986) . However, human IVF embryos demonstrate a lack of synchronicity in making the switch from maternal to embryonic gene activity (Tesarik, 1989) . It was further observed in human and bovine embryos that development to the morula stage is possible without activation of the embryonic genome (Tesarik, 1989; Pavlok et al., 1993; Schramm et al., 2003) but these embryos lack the ability to form a blastocyst (Tesarik, 1989; Pavlok et al., 1993) .
In a previous study by us on the incidence of chromosomal abnormalities in human IVF embryos, we reported the proportion of aneuploid cells within an embryo to decline after cavitation (Santos et al., 2010) . This coincides with the time of disappearance of Aurora C mRNA and protein at the inner centromere that we observe here. It is tempting to speculate that the presence of Aurora C may contribute to the observed high incidence of chromosome segregation errors during embryo development before compaction. However, Aurora C could fully compensate for the absence of Aurora B in mediating SAC function, as measured by cell cycle progression in HeLa cells (Sasai et al., 2004; Slattery et al., 2009 ) and mouse preimplantation embryos (Marcos Malumbres, personal communication) . A possible cause for the high error rate may be found in the variation in the Aurora B to Aurora C ratio between embryos, as observed in this study. Ectopic overexpression of Aurora B in cell lines results in polyploidy (Tatsuka et al., 1998) and overexpression of Aurora B is associated with cancer cell lines and primary tumours (Tatsuka et al., 1998; Katayama et al., 2003) , indicating that tight regulation of Aurora B expression levels is crucial for accurate chromosome segregation. Moreover, overexpression of an Aurora C kinase-deficient mutant disrupts the Aurora B -INCENP complex and induces polyploidy (Chen et al., 2005) , and overexpression of Aurora C has been reported in several cancer cell lines (Kimura et al., 1999) . So the question arises whether not maintaining the correct balance in expression of both kinases, before and after activation of the embryonic genome, is the underlying problem causing chromosome segregation errors.
Aurora C has already been described as an important kinase during human male meiosis (Dieterich et al., 2007) , where lack of functional Aurora C severely disrupts the meiotic process. In the current study, we describe for the first time localization of Aurora C to the region surrounding the centromeres in human spermatocytes. Aurora C associates with pericentric heterochromatin during pachytene, then spreads onto the chromosome arms at diakinesis and condenses at the centromeres again at metaphase. In mouse spermatocytes, Aurora C has been described to appear at the diplotene stage (an extremely short stage in the human male), following a similar pattern (Tang et al., 2006) . Our observations are also consistent with the phenotype observed in male patients carrying the Aurora C kinase c.144delC mutation (Dieterich et al., 2009 ) and with a functional role for Aurora C during human male meiosis.
In agreement with the high mRNA expression of Aurora C reported in human oocytes (Assou et al., 2006) , we also observed Aurora C on the region surrounding the centromeres in MI and MII oocytes. Aurora B and C relative to centromeres (CREST) in human preimplantation embryos: (d) haploid set of chromosomes in a tripronuclear zygote, (e) triploid 4-cell embryo, (f -g) diploid 12 -16-cell embryo and (h) blastocyst. In zygotes (d) and 4-cell embryos (e) only Aurora C was detected near centromeric regions. In 12 -16-cell embryos, the relative intensity of Aurora B and C was variable, but in blastocysts only Aurora B was abundant around the centromere and in small amounts on the chromosome arms. All embryos used for immunostaining were arrested in prometaphase. DNA was counterstained with DAPI. Square boxes are enlargements of each corresponding smaller box. Scale bars are 5 mm.
Although timing of fixation in these human oocytes cannot be performed optimally for ethical reasons, our observations are similar to those recently described in mouse oocytes (Yang et al., 2010) , pointing to a conserved role for Aurora C in female mammalian meiosis. However, this function may be partly redundant in human oocytes, as the two female homozygous AURKC mutants are apparently fertile and without further phenotypes (Dieterich et al., 2009) . We also detected Aurora B transcripts in human IVF oocytes, although at a lower level than Aurora C. On (pro)metaphase chromosomes in MI oocytes, the signal intensity of Aurora C was greater than Aurora B (Fig. 2c) , whereas in MII oocytes this signal ratio was more variable. Data in mouse as to the relative importance of Aurora B and C during meiosis I and II are contradictory (Shuda et al., 2009; Vogt et al., 2009; Yang et al., 2010) . The interpretation of these studies is complicated by the lack of specific inhibitors for Aurora B and C, as well as the possibility of the two kinases binding to each other in vivo (Li et al., 2004) . Thus overexpression of a kinase-dead form of one kinase may affect functioning of the other (Chen et al., 2005) . To complicate matters further, polymorphisms in the mouse AURKC gene that result in an amino acid sequence change have been described in inbred strains (Hu et al., 2000) , underscoring the need for proper knockout models. However, taken together, the evidence indicates that there is room for plasticity in the balance of Aurora B and C in the female germline, with the two proteins able to compensate for each other. The fact that human male patients with a mutation in AURKC are sterile may indicate differences in this plasticity between the male and the female germline. Interestingly, in Rhesus macaque oocytes, Aurora B mRNA expression was observed to decrease significantly when in vitro matured oocytes were compared with in vivo matured oocytes (Mtango and Latham, 2008) . A similar observation was made in human oocytes (Jones et al., 2008b) , indicating that oocyte maturation conditions may contribute to regulation of Aurora B mRNA expression. In future studies it will be interesting to explore whether the variability in the levels of AURKB and AURKC we observe in the current study can be related to oocyte or embryo quality and patient characteristics, such as maternal age.
We set out to characterize the CPC in human preimplantation development, in order to identify causes of the observed high postzygotic chromosome segregation error rate. Although known as a meiotic kinase, we present evidence that Aurora C is the main enzymatic subunit of the CPC during preimplantation embryo development up to the 8-cell stage, and continues to be present next to Aurora B during the compaction stage. This is in contrast to the constitution of the CPC in somatic mitotic cells, and indicates a role for Aurora C during preimplantation embryo development. Even though it is unlikely that the presence of Aurora C alone explains the high chromosome segregation error rate, the data presented here provide novel information regarding possible mechanisms. Further investigation of differences between Aurora B and C substrates and binding partners, as well as regulation of expression of these kinases before and after activation of the embryonic genome in relation to oocyte quality, may help in identifying crucial factors.
Supplementary data
Supplementary data are available at http://humrep.oxford journals.org/. In zygotes (a), Aurora C signal was abundant at centromeric regions and dispersed along the chromosome arms, whereas Aurora B was weakly detected at the inner centromere. In 8-cell (b) and 12 -16-cell (c) embryos, relative abundance and localization of Aurora B and C were similar. Embryos were arrested in prometaphase after treatment with colcemid. DNA was counterstained with DAPI. Square boxes are enlargements of each corresponding smaller box. Scale bars are 5 mm.
